CuInTe2 is a semiconductor with high potential for use as a thermoelectric material and as the absorber in thin film solar cells. Studying the optical reflectivity spectra of CuInTe2 single crystals resolves resonances at 1.054 eV and 1.072 eV, which are assigned to the A and B free excitons. Photoluminescence spectra exhibited a peak due to the A free exciton at 1.046 eV. Varshni coefficients were found for both excitons. Zero temperature bandgaps EgA = 1.060 eV and EgB = 1.078 eV were determined for the A and B valence sub-bands, respectively. The splitting due to crystal-field ΔCF and spin-orbit effects ΔSO were calculated as -26.3 meV and 610 meV, respectively, using the determined EgA and EgB and a literature value of EgC.
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Furthermore, the steepness of energy-momentum dispersion relations of CuInTe2, experimentally determined in ref. [5] , results in carrier mobility exceeding 800 cm 2 V -1 s -1 which significantly greater than those observed for other chalcopyrites making this compound highly suitable for light-harvesting applications whereas the energies of its valence and conduction bands make CuInTe2 a strong candidate as a material for converting sunlight into sustainable hydrogen energy by photoelectrocatalytic water splitting.
On the other hand, the direct bandgap, high absorption coefficient, 6 the possibility of p-type doping by intrinsic defects make CuInTe2 an attractive candidate for the absorber layer of solar cells. The highest conversion efficiency η, reported so far for solar cells with CuInTe2 absorbers, is 4.13%, 7 whereas the use of Cu(In,Ga)Te2 absorbers increased η up to 6.19%. 8 Further improvements in the performance of CuInTe2-based solar cells requires a better understanding of the electronic band structure of this material similar to that achieved for other chalcopyrites such as Cu(In,Ga)Se2.
Optical spectroscopy has been used extensively to analyse such properties. 9 The quantity and quality of information, which can be gained from optical spectra of a semiconductor, depends very much on its structural quality. At low defect concentrations optical spectra exhibit sharp excitonic features providing a wealth of accurate data on the electronic structure and defect nature. The presence of excitons in optical spectra and the width of their features can be used as indicators of the structural quality. 10 In the early studies of the chalcopyrites CuInSe2, CuGaSe2 and CuInS2 free excitonic features in reflectivity spectra were used to analyse their electronic band structure. 2, [11] [12] [13] Results of these studies made possible the successful application of Cu(In,Ga)(SeS)2 (CIGS) in the absorber layer of thin film solar cells demonstrating conversion efficiencies η up to 22.6%, 14 which is a current record for laboratory size single junction thin film photovoltaic devices. 15 As with other chalcopyrites the band structure of CuInTe2 is strongly influenced by the hybridisation of the Cu d-and the chalcogen (Te) p-states. 16 The difference in the Cu-Te and In-Te bonding generates a tetragonal distortion τ, defined as τ = 1 -c/2a, where c and a are the lattice constants, which splits the uppermost valence band in the A, B and C sub-bands.
Room temperature electro-reflectance (ER) spectra of CuInTe2 single crystals revealed an intense excitonic feature at 1 eV, which was assigned to unresolved AB free excitons and related to an Eg of 1.064 eV. 1 The C free exciton was also observed in the ER spectra at 1.674 eV. A value of Eg = 1.061 eV was determined in ref. [17] using optical absorption of CuInTe2 thin films at room temperature. Optical absorption measurements at 10 K resulted in a spread of Eg values from 1.007 eV to 1.059 eV 18 demonstrating how the optical bandgap, measured using absorption techniques, can be influenced by band tails generated by deep potential fluctuations at high concentrations of defects. A free exciton, observed at 1.053 eV in photoluminescence (PL) spectra, measured at 10 K in excitonic quality single crystals of CuInTe2 has been assigned to the ground state of the A free exciton leading to an estimate of 1.059 eV for the bandgap of the A sub-band assuming a binding energy of 6 meV. 19 Room temperature measurements demonstrate a reduction of Eg. 5 However, no reports on CuInTe2, exhibiting clear splitting of the A and B free excitons, can be found in the literature as yet.
In this paper we examine the electronic structure in excitonic grade CuInTe2 single crystals using optical reflectivity (OR) and PL.
Single crystals of CuInTe2 were grown from a near stoichiometric charge of the high purity elements Cu, In, and Te by the vertical Bridgman technique. A procedure, originally developed to grow high quality single crystals of CuInSe2, 20 was used to grow CuInTe2, assuming a melting point of 798 o C and the phase transition at 672 o C from the phase diagram in ref. [21] . Wavelength dispersive X-ray (WDX) microanalysis was carried out to examine the elemental composition of the samples using an electron beam energy of 10 keV and pure Cu, In and Te as standards.
A single grating monochromator with 1 m focal length was used to carry out the PL and OR measurements. The 514 nm line of an Ar + laser was employed to excite PL, whereas a 100 W tungsten halogen lamp was used for the OR measurements. A closed-cycle helium cryostat was employed to hold the samples at temperatures from 5 K to 300 K. A cooled InGaAs photomultiplier tube was used to detect the PL and OR signals in the spectral region from 0.9 µm to 1.7 µm. The measurements were carried out with a spectral resolution of 0.4 meV. More experimental details on the optical spectroscopy set up can be found elsewhere. 22, 23 X-ray diffraction (XRD) patterns were recorded by a Rigaku Ultima IV powder diffractometer in the Bragg-Brentano (θ-2θ) geometry using a Cu K1 radiation source (λ = 0.15406 nm). The crystal structure and phase composition were analysed using Rigaku PDXL 2 software.
The WDX measured elemental composition of the samples (Cu: 25. 2 shows the near band edge region of unpolarised OR and PL spectra measured at 5 K. The PL spectrum shows a number of sharp peaks. The highest energy peak (FX) at 1.053 eV is assigned to a free exciton (FX) and has a full width at half maximum (FWHM) of 3 meV whereas the other six peaks (1 at 1.046 eV, 2 at 1.045 eV, 3 at 1.042 eV, 4 at 1.037 eV, 5 at 1.033 eV and 6 at 1.031 eV) are sharper and are likely to be attributed to bound exciton transitions.
The OR spectrum reveals two clear resonances: the A resonance with its minimum at 1.055 eV and the B resonance at 1.073 eV. The spectral position of the A resonance corresponds to that of FX in the PL spectra suggesting that FX can be assigned to the A free exciton comprising an electron from the conduction band and a hole from the A valence sub-band. The spectral energy of this peak is equal to that of the A free exciton, reported in ref. [19] , supporting this assignment. The presence of excitons with a FWHM of 3 meV for the FX peak in the PL spectra demonstrates the high structural quality of this material.
We assign the B resonance to the B free exciton, a recombination of free electron from the conduction band and a hole from the B valence sub-band. FIG.3 shows an evolution of the OR spectra of the A and B excitons at temperature increasing from 5 K to 180 K.
It can be seen that both the A and B resonances gradually redshift with rising temperature. Both resonances broaden with rising temperatures and are not resolved for beyond 160 K. To accurately determine the spectral position of the excitons the OR spectra were fitted with the function proposed in ref. [24] :
where Ex is the A or B excitons spectral energy, x is the broadening parameter of the exciton and  is a phase, whereas Rx is an amplitude and R0 a background. An example of the fitting for the 5 K OR spectrum is shown in   FIG.4(a). FIG.4(b) shows the temperature dependence of the spectral energy of the A and B excitons in the OR spectra. The experimental points were fitted with the Varshni expression: 25 
EFX(T) = EFX(0) -T
where EFX(T) is the spectral energy of the A or B exciton at temperature T, EFX(0) is this energy at 0 K,  and  are fitting parameters. The fitting parameters for both excitons are collected in Table I . Neither of the EgA and EgB temperature dependencies shown in  FIG.4(b) demonstrates the non-monotonic change of the bandgap observed at low temperatures for CuInSe2 26 and CuInS2 27 . The character of the temperature dependence of Eg is attributed to the combined effect of temperature changes of the lattice constants and electron-phonon interaction.
Assuming a binding energy of 6 meV for both the A and B excitons, as estimated in ref. [18] , we can determine 0 K values of the A and B bandgaps as EgA = 1.060 eV and EgB = 1.078 eV. due to a hybridisation of the Cu d-and p-states of other atoms such an interpretation has been used in a number of papers concerned with the electron structure of semiconductor compounds. Experimentally ΔSO and ΔCF can be determined from EgA, EgB and EgC, the A, B and C sub-bandgaps of CuInTe2, as follows: 28
and
where E1 = EgB -EgA and E2 = EgB -EgC. Using the EgA and EgB values, determined in this study, and an EgC of 1.674 eV from ref.
[1], ΔCF = -26.3 ± 0.4 meV and Δso = 610 ± 20 meV, were calculated. A schematic energy band structure of CuInTe2 at the centre of the Brillouin zone is shown in FIG.4(c) .
The previously reported values of the crystal-field and spinorbit splitting in CuInTe2 ΔCF = 0 meV and Δso = 610 meV, respectively, were estimated in ref. [17] assuming zero splitting of the A and B valence sub-bands. Such a splitting directly determines ΔCF, whereas the value of Δso, calculated in this paper, is in excellent agreement with our value demonstrating its weak sensitivity to the non-cubic deformation of the lattice along with the A-B sub-band splitting, generated by this deformation. Angleresolved photoelectron spectroscopy measurements 5 The tetragonal distortion reported for CuInSe2 in ref. [30] is -0.48%, which is close to that of τ, measured for CuInTe2 in this paper. However, in CuInTe2 its small and negative τ results in the small and negative ΔCF whereas in CuInSe2 ΔCF = 5.3 meV is positive due to the inversion of its upper most valence subbands. 26 The spin orbital splitting in CuInSe2 of 234.7 meV, also reported in ref. [26] , is significantly smaller than that in CuInTe2.
The tetragonal distortion of 1.87% in another technologically important chalcopyrite CuGaSe2, reported in ref. [31] , is positive and its magnitude is significantly greater than that in CuInTe2. Such a positive τ results in CuGaSe2 in a negative ΔCF = -112 meV, 12 which is much greater than that determined in this paper for CuInTe2. A spin-orbit splitting of 231 meV, reported for CuGaSe2 in the same report, is significantly smaller than our finding for CuInTe2. The character of the energy band structure of CuInTe2 at the centre of the Brillouin zone is similar to that of CuGaSe2. 12 Although the measured splitting of the A and B valence subbands does not provide an immediate solution to technological problems of the fabrication of CuInTe2-based solar cells or thermoelectric devices this result should improve the general level of understanding of the electronic properties of the compound accelerating the development process of efficient CuInTe2-based electronic devices.
In conclusion, the electronic band structure of CuInTe2 single crystals, grown by the vertical Bridgman technique, was studied by OR and PL. The 5 K PL spectra showed sharp peaks assigned to excitonic recombination. The 5 K OR spectra revealed two resonances, A at 1.054 eV and B at 1.072 eV, assigned to the A and B free excitons. Varshni coefficients were found for both excitons. Bandgaps of EgA = 1.060 eV and EgB = 1.078 eV, for the A and B valence sub-bands, respectively, were determined for zero temperature assuming a binding energy of 6 meV. The splitting due to crystal-field ΔCF and spin-orbital effects ΔSO were calculated as -26.3 meV and 610 meV, respectively, using the determined EgA, EgB and a literature value of EgC. 
